Rhurnii. -La formation et la propri6tB des produits de surface pour les mBtaux Cu, Ni et Fe avaient Ct B Btudiees par la technique de modulation spectroscopique et du photopotential. Avec la modulation spectroscopique il est possible de determiner le degr6 d'oxydation des couches minces. La mkthode du photopotential marque le type de la conductibiIit6 et la concentration des lacunes de metal et des lacunes d'anion. L'influence de diff6rents inhibiteurs est BtudiBe.
Ni and Fe in aqueous solutions were investigated using modulation spectroscopy and photopotential measurements. With modulated reflectivity it is possible to obtain informations concerning the oxidation degree of the surface layer as a function of the electrode potential whereas the second method shows the type of conductivity and the concentration of cation-and aniondefects of the surface coverage. Furthermore the influence of inorganic and organic inhibitors was investigated.
1. Introduction. -During the last years optical methods have developed to a very useful tool for the investigation of the solid state-electrolyte interface. In this paper photopotential and modulated reflectivity measurements are described to study the surface of copper, nickel and iron electrodes in aqueous solutions and in the presence of corrosion inhibitors. These methods are very useful for the in situ investigation of electrode processes [I] and in connection with the conventional electrochemical measurements they lead to a better understanding of surface reactions.
2. Experimental. -All measurements were performed under potentiostatic or galvanostatic conditions using a standard equipment. The electrode potentials are related to the potential of the saturated calomel electrode (SCE). All solutions were made using high purity chemicals (p. a. Merck). A schematic diagram of the experimental set up for photopotential measurements is given in figure 1 . The photopotential V,, between the intermittently illuminated working electrode and the unpolarized, dark platinum reference electrode is analyzed by a signal averaging system [2] . For thin oxide films on the metal surface with a film thickness much smaller than the screening length, the sign and the amount of the photopotential reflect the character and the degree of the deviation from stoichiometry [3] :
cies. C is a constant depending on the equilibrium density of electrons and holes and the number of excess carriers generated by the light. For modulated reflectivity measurements the working electrode was illuminated by steady light and the electrode potential was modulated potentiostatically. The reflectivity changes which are caused by the modulation of the electrode potential generally depend on the conditions of the whole system metallmetal oxide/electrolyte. Using a constant wavelength and angle of incidence the reflectivity change is generally given by were Vp, is the photopotential and metal, electrolyte and the metal oxide which has the thickness 6. All these parameters can depend on the electrode potential V, and therefore on the field strength distribution at the interface. By variation of the experimental conditions one has to find out wether the modulation of the electrode potential results in changing the metal, the metal oxide layer or the electrolyte.
3.
Results and discussion. -Studies of metal oxides formed during anodic polarization very often show that the crystallographic structure of the films is different from that of the bulk oxides. For interpretation of the data obtained by the optical measurements first of all single crystal germanium electrodes and quasi amorphous thin electrodeposited germanium layers were investigated [4] . Although the electroreflectance and photopotential spectra of the thin germanium layers did not show all the structure which is found for the single crystals most of the important peaks as for the fundamental band band transition and some other transitions of higher symmetry could be identified. For this reason the characterization of anodically formed oxide films by measuring their spectra should be possible. The potentiostatic current-potential characteristic of copper in NaOH is given in figure 2. In both polarization directions several peaks of the current density i are obtained which obviously belong to different electrode coverages. According to galvanostatic reduction experiments with anodically increasing electrode potential Cu20, CuO and Cu(OH), are formed [5] and reduced in the reverse polarization direction. The spectrum of the potential-modulated reflectivity is given in figure 3. In agreement with this statement different types of spectra are found which depend on the electrode potential [6] . In the potential region were a surface layer of cuprous oxide or a mixture of cuprous and cupric oxide should exist an oscillating structure is found, which is very similar to the electroreflectance spectrum of Cu20 single crystal electrodes [7] . The positive peaks at the wavelength 290 nm and 342 nm with the corresponding negative oscillations at 276 nm and 302 nm (in figure 3 these two minima are not resolved) as well as 325 nm and 369 nm correlate with transitions from 3 d-valence bands of the copper ion in the unit cell to the conduction band at the high symmetry points of the Brillouin zone. Exciton spectra between 450 nm and 500 nm which are obtained using single crystals could not be observed because of a quasi amorphous structure of the anodic surface layers. Another oscillation is found at higher wavelengths with a sign change at about 550 nm, which fairy well corresponds with the band gap energy of cuprous oxide. The essentially good agreement proves in connection with photopotential measurements [6] that the surface is covered by a layer corresponding to the composition of Cu,O. In the potential region where the electrode is mainly covered with Cu(OH), a quite different spectrum is found, which shifts to shorter wavelengths with increasing electrode potential. It is presumed that this shifting is due to the growth of the passive layer. In the potential region where the electrode consists of pure copper, spectra are obtained, which especially in the UV-region coincides with the electroreflectance spectrum of metallic copper [8] . Another difference between the two types of spectra is their dependence on the frequency of the potential modulation : As expected, the spectrum of the cuprous layer does not depend on the modulation frequency because the electroreflectance is a solid state effect. On the other hand the spectrum of the Cu(OH), passive layer exponentially decreases with increasing modulation frequency. This proves that in the passive potential region an electrochemical process as e. g. layer growth is responsible for the reflectivity changes. Furthermore the corrosion behavior of copper in aerated halide solutions and in the presence of inhibitors was investigated. Figure 4 shows the current-potential characteristic and the photopotential spectrum for copper in aqueous O,l m KBr-solution and when 1,2,3-Benzotriazole (BTA) is added. This inhibitor was chosen because in practical corrosion tests an inhibition efficiency of 98 % was achieved. The current density shows that BTA acts as an anodic inhibitor. The photopotential spectrum is shown for the electrode potential VE = -60 mV which is very close to the free corrosion potential of this system. In the pure bromide solution first a p-type semiconducting layer is formed which is transformed after some hours into an n-type semiconductor.
OPTIC INVESTIGATIONS OF PASSIVE ELECTRODES
(The 3 h-photopotential curve should not be taken as indicative of simultaneous n and pconduction but is rather an artifact of a slow data acquisition time.) From the spectrum it can be assumed that this stable layer mainly consists of CuBr, the energy gap of which is known to be approximately 3 eV [9] . The initially formed p-type layer is probably an oxide layer as is very often the case with copper in aqueous solutions. Steady state corrosion occurs via an electronic semiconducting layer which was also found for copper in chloride solutions [lo] . In the presence of n-semiconducting layers the corrosion protection is low because of the anionic conductivity of the surface film, which allows the penetration of bromide ions, making corrosion possible. If the inhibitor BTA is added to the electrolyte from the beginning a very stable and protective p-type semiconducting layer is formed, which in contrast to the results reported above is not transformed into a n-type layer. As the spectrum of the layer formed in the presence of the inhibitor is very similar to the spectrum of the initial layer formed in pure KBr-solution it can be assumed that the last layer is stabilized by the influence of the inhibitor. From these results the protective film seems to be a multilayer of cuprous oxide and copper benzotriazolate (CuBTA). This model is reasonable as it is known from other investigations that the formation of CuBTA is possible on cuprous oxide 1111. The multilayer model is also supported by the fact that no influence of the BTA on the photopotential is obtained if it is added to the KBr-solution at a time when the transformation from the initial p-type layer to the n-type corrosion layer has already finished. In contrast to the behavior of the copper electrode in the Cu,O-region where electroreflectance is the main effect if the electrode potential is modulated, in the case of the passive nickel electrode the stoichiometric composition of the oxide layer is changed [12] . Figure 5 shows the spectrum of the modulated reflectance as a function of the electrode potential. The spectral position of the minimum for the electrode potential VE = 700 mV of the photon energy ho = 4, O eV is equal to the energy gap of NiO. This demonstrates that the passive layer at this potential consists of a structure related to that of NiO. The spectral shifting of the minimum of the modulated reflectance and the change of the signal amplitude shows that the oxidation degree of the passive layer is changed at the electrode potential of approximately V, = 950 mV. Figure 6 illustrates the photopotential and the current-potential characteristic of nickel in basic solutions. The positive sign of the photopotential and its spectral distribution show that a p-type semiconducting surface layer very similar to NiO with cation defects is formed when the electrode becomes passive. With increasing electrode potential however the photopotential decreases and changes its sign at the electrode potential of about V, = 300 mV. According to the theory of Oshe and Rozenfeld [3] at this electrode potential the initially p-type passive layer is changed into a n-type semiconducting coverage. Regarding the different pH for the experimental results given in figures 5 and 6 this layer transformation is in agreement with the data obtained using modulated reflectivity measurements.
Although the doping mechanism is not yet completely understood it seems to be an electrochemical process for the potential of transformation can be influenced by the electrolyte composition and the time dependence is too long for a solid state as e. g. a field strength effect.
-The current and photopotential characteristic of iron in basic solutions is given in figure 7 . In the passive potential region a negative photopotential is measured which shows that the electrode is covered with a n-type semiconducting layer. The photopotential spectrum shown in figure 8 is very similar to the spectrum of y-Fe,O, which has a band gap energy of 2.2 eV [13] and which agrees with the results of modulation spectroscopy experiments [12] . The different amount of the photopotential depending on the polarization direction shows however that the oxides have different properties. The higher photopotential amplitude obtained for the surface coverage in the anodiccathodic polarization direction can be interpreted by the incorporation of monovalent anions as 0-or OHin the neutral oxygen vacancies which is possible at higher anodic potentials. In addition the formation of the photopotential is connected with a large time constant compared with the conditions for the reverse polarization direction. This gives a hint that slow electronic surface states are formed which are also found for a great number of electrode systems with inhibited corrosion reactions. Very similar results were obtained for iron in Na,SO, and in the presence of the inhibitor NaNO,. Adding the inhibiting molecules the dissolution current density of iron decreases and the photopotential increases probably again caused by the incorporation of NO;-ions into neutral oxygen vacancies of the iron oxide. The inhibiting effect is again accompanied by a decreasing electrode kinetic caused by the formation of slow electronic surface states.
4.
Summary. -The investigation of metal electrodes using modulated reflectivity and photopotential measurements allows the in situ examination of electrolytically formed surface layers. The results for copper, nickel and iron show that the identification of the passive layers is possible. Furthermore the influence of inhibiting molecules on the layer composition and the electrode kinetics as well as pitting corrosion [14] phenomena can be investigated.
